Neuropathological analysis in Alzheimer's disease (AD) and experimental evidence in transgenic models overexpressing frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) mutant tau suggest that amyloid-β pathology enhances the development of tau pathology. In this work, we analyzed this interaction independently of the overexpression of an FTDP-17 mutant tau, by analyzing tau pathology in wild-type (WT), 5xFAD, APP −/− and tau −/− mice after stereotaxic injection in the somatosensory cortex of short-length native human AD-PHF. Gallyas and phosphotau-positive tau inclusions developed in WT, 5xFAD, and APP −/− but not in tau −/− mice. Ultrastructural analysis demonstrated their intracellular localization and that they were composed of straight filaments. These seeded tau inclusions were composed only of endogenous murine tau exhibiting a tau antigenic profile similar to tau aggregates in AD. Insoluble tau level was higher and ipsilateral anteroposterior and contralateral cortical spreading of tau inclusions was more important in AD-PHF-injected 5xFAD mice than in WT mice. The formation of large plaque-associated dystrophic neurites positive for oligomeric and phosphotau was observed in 5xFAD mice injected with AD-PHF but never in control-injected or in non-injected 5xFAD mice. An increased level of the p25 activator of CDK5 kinase was found in AD-PHF-injected 5xFAD mice. These data demonstrate in vivo that the presence of Aβ pathology enhances experimentally induced tau seeding of endogenous, wild-type tau expressed at physiological level, and demonstrate the fibrillar nature of heterotopically seeded endogenous tau. These observations further support the hypothesis that Aβ enhances tau pathology development in AD through increased pathological tau spreading.
Introduction
Alzheimer's disease (AD) is characterized by two defining neuropathological hallmarks: senile plaques consisting of aggregates of amyloid-β (Aβ) peptide surrounded by dystrophic neurites (DN) and neurofibrillary tangles (NFTs) formed by bundles of paired helical filaments (PHF) composed of the microtubule-associated protein tau in an aggregated form [18] . The latter lesion is strongly correlated with the degree of cognitive impairment [42] . Although the brain distribution of these two lesions does not show neuroanatomical overlap at early stages of the disease, both neuropathological and experimental evidence suggest the existence of a cross talk modulating the development of both lesions. Injection of Aβ fibrils [23] or Aβ-containing brain extract [5] into mutant tau transgenic mice or crossing between mutant tau and APP or 5xFAD transgenic mice exacerbated tau pathology (e.g., [4, 5, 27, 28, 36, 47, 48, 50, 51, 55] ).
The mechanisms leading to this enhanced tau pathology are not well understood. The expansion of tau pathology in the brain during progression of AD follows a relatively systematic scheme suggesting that tau pathology progresses by following neuroanatomically connected areas [7] , possibly 1 3 through synaptically connected neurons. Strong experimental evidence indicates that tau aggregation can be seeded in cells (for review, see Ref. [40] ) and transmitted from one cell to another, both in vitro and in vivo, in transgenic models overexpressing wild-type or mutant tau [10, 49] . We previously showed that human native PHF extracted from sporadic AD brain (AD-PHF) induced tau aggregation and propagation in the form of argyrophilic grains composed of hyperphosphorylated endogenous murine tau in wild-type (WT) mouse brains [3] . Such PHF contain the six human wild-type tau isoforms as well as all post-translational modifications characteristic of PHF from AD brains. AD-PHF recruits endogenously expressed non-mutant tau in WT mice [3, 24] representing a closer model to the human pathological condition than transgenic tau models overexpressing mutant tau. In the present study, we provide evidence that Aβ increases endogenous wild-type tau seeding through enhancement of tau propagation, as well as the ultrastructural demonstration that the in vivo induced tau aggregates are composed of bundles of tau filaments.
Materials and methods

Human brain tissue
Human brain tissue samples were taken at autopsy from three demented patients clinically diagnosed as AD cases and from two non-demented control subjects. Tissue samples were fixed with formalin 10% and embedded in paraffin for neuropathological examination or were kept at − 80 °C. The neuropathological examination confirmed the presence of numerous NFTs and amyloid plaques in the AD cases (Braak stage VI, Thal stages [3] [4] [5] and their absence in the control cases (Supplementary Table 1 ). This study on postmortem brain tissue was performed in compliance and following approval of the Ethical Committee of the Medical School of the Free University of Brussels.
Mouse lines
The 5xFAD double transgenic mice co-express and coinherit the 695 amino acids isoform of the human amyloid precursor protein (APP695) carrying the Swedish, Florida, and London mutations and the human presenilin-1 (PS1) carrying the M146L and L286 V mutations (Tg6799 line) [44] . The APP-deficient mouse line [59] and the tau −/− mouse line [56] were obtained from Jackson Laboratories (Bar Harbor, ME, USA). All mouse lines were maintained on C57Bl/6 J genetic background and only 5xFAD heterozygous transgenic mice were used for this study. Genotyping was performed by PCR amplification of genomic DNA as reported previously [27, 35] .
Preparation and characterization of Sarkosyl-insoluble PHF fraction
Sarkosyl fractionation of human brain tissue was carried out as previously described [3, 8] . 0.5 g of frozen frontal cortex from control and AD cases was homogenized in 10 volumes of ice-cold PHF-extraction buffer (10 mM Tris-HCl (pH 7.4), 0.8 M NaCl, 1 mM EDTA, 10% sucrose). The homogenate was centrifuged at 15,000×g for 20 min at 4 °C. N-lauroylsarcosine sodium salt (L-5125; Sigma-Aldrich) was added to the supernatant to reach a final concentration of 1% (w/v). The lysate was incubated at 4 °C overnight with a mild agitation followed by an ultracentrifugation at 180,000×g for 30 min at 4 °C. The Sarkosyl soluble supernatant was removed and the Sarkosyl-insoluble pellet containing PHF was gently rinsed and re-suspended in 0.25 ml of PBS by vigorous pipetting. The protein concentration was determined by Bradford protein assay (Bio-Rad) and adjusted to 1 µg/µl. This Sarkosyl-insoluble PHF-tau fraction was aliquoted and kept at − 80 °C.
For ultrastructural characterization of AD-PHF by transmission electron microscopy, Sarkosyl-insoluble material was adsorbed on formvar-carbon-coated EM grids and negatively stained with potassium phosphotungstate as reported [8] before observation with a Zeiss EM 809T at 80 kV. The yield of PHF-tau proteins in the Sarkosylinsoluble fraction was assessed by reference to a standard curve generated using recombinant tau proteins obtained from bacterial culture (see Electronic supplementary material for methods) and of known tau concentrations. Different dilutions of recombinant tau and of the freshly obtained AD-PHF were loaded in a 10% Tris-glycine gel, transferred on a nitrocellulose membrane and immunoblotted with the B19 anti-total tau antibody. The optical density (OD) of the resulting bands was measured using image J software and a standard curve was generated using the known concentrations of the recombinant tau. Tau immunodepletion of Sarkosyl-insoluble fractions was performed using the BR21 anti-human tau antibody (see Electronic supplementary material for methods). To assess protease resistance of PHF-tau from AD cases, Sarkosyl soluble and insoluble material was digested with proteinase K as described [19] . Briefly, samples were digested with 0-10 µg/ml proteinase K in PBS for 30 min at 21 °C. Digestion was stopped using 5 mM PMSF. Samples were heated in Laemmli buffer at 100 °C for 5 min and were analyzed by western blot using anti-tau B19 and antiphosphotau PHF1 antibodies.
Stereotaxic brain injection
Six-month-old WT C57/BL6, 5xFAD, APP −/− and tau −/− mice were injected with Sarkosyl-insoluble fractions from AD cases (WT n = 12, 5xFAD n = 18, APP −/− n = 3, tau −/− n = 2), tau-immunodepleted AD cases (WT n = 1, 5xFAD n = 1) and control cases (WT n = 24, 5xFAD n = 16). Unilateral stereotaxic injections were performed using a stereotaxic apparatus (Kopf Instruments) [3] in the left primary somatosensory cortex (rostro-caudal − 1.46 mm; lateral + 0.15 mm; depth − 0.10 mm). 1 µg of Sarkosylinsoluble material was injected at the concentration of 1 µg/ µl at a speed of 0.1 µl/min with a pump (kdScientific), using a 200 µm diameter needle (Thermofisher). The needle was gently removed 5 min after injection. Mice were killed 3 months after injection. All studies on animals were performed in compliance with and after approval of the Ethical committee for the care and use of laboratory animals of the Medical School of the Free University of Brussels.
Spatial memory testing
Wild-type and 5xFAD mice injected with control or AD-PHF fractions were tested in the Y-maze for spontaneous alternations 3 months after injection, as described previously [34] (see Electronic supplementary material for methods).
Brain homogenization
Mice brain was dissected and homogenized as reported [2] in 10 volumes of ice-cold modified RIPA buffer containing 50 mM Tris pH 7.4 supplemented with 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 5 mM EDTA, 1 mM EGTA, Roche complete protease inhibitors, 1 mM PMSF, and phosphatase inhibitor cocktail 2, (SIGMA P-5726) and incubated for 60 min at 4 °C on a rotator. The homogenate was centrifuged (20,000×g for 20 min at 4 °C) and the supernatant was used as an RIPA soluble fraction. The RIPA-insoluble pellet was re-suspended in fivefold volume of 8 M urea supplemented with 5 mM EDTA, 1 mM EGTA, Roche complete protease inhibitors, and phosphatase inhibitor cocktail 2 (P-5726, SIGMA) by vortexing and sonication on ice and incubated for 30 min at room temperature on a rotator. The mixture was centrifuged at 20,000×g at 4 °C for 20 min. The supernatant was used as an RIPA-insoluble fraction. Fractions were analyzed by SDS-PAGE and immunoblotting (see Electronic supplementary material for methods and antibodies).
Histological staining and immunolabeling
Mice were killed by cervical dislocation and brains were fixed in 10% (v/v) formalin for 24 h before embedding them in paraffin. Tissue sections (10 µm thick) were stained with the Gallyas silver-staining method to identify aggregated tau inclusions and with Congo Red to visualize amyloid deposits enriched in β-sheets structure. The immunohistochemical labeling was performed using the ABC method. Briefly, tissue sections were treated with H 2 O 2 to inhibit endogenous peroxidase and incubated with the blocking solution (10% (v/v) normal horse serum in TBS). After an overnight incubation with the diluted primary antibody, the sections were sequentially incubated with either horse anti-mouse or goat anti-rabbit antibodies conjugated to biotin (Vector) followed by the ABC complex (Vector Laboratories). The peroxidase activity was developed using diaminobenzidine (DAB) as chromogen. Double immunolabeling was performed using fluorescent markers followed by nuclear DAPI staining. The first antibody was detected using an anti-rabbit IgG conjugated to HRP (#7074, Cell signaling) and revealed with Tyramide-FITC (Perkin Elmer). The second antibody was detected using an anti-mouse antibody conjugated to biotin, followed by streptavidin conjugated to Alexa 594 (Molecular Probes). Slides were examined with an Axioplan microscope (Zeiss) and an Axiovert 200 M microscope (Zeiss) and digital images were acquired using an Axiocam HRc camera. The 3D-association between amyloid and tau pathologies was analyzed using the CUBIC method for tissue clarification [52] with a slight modification [1] as detailed in electronic supplementary material.
Ultrastructural analysis and immunolabeling in electron microscopy
As reported [27] , anesthetized mice were transcardially perfused with a solution of 2% (w/v) paraformaldehyde and 2% (v/v) glutaraldehyde in 0.1 M phosphate buffer at pH 7.4. After dissection and further fixation in 4% (w/v) glutaraldehyde in 0.1 M phosphate buffer at pH 7.4 for 90 min, the tissue blocks were post-fixed in 2% (w/v) OsO 4 for 30 min, dehydrated and embedded in Epon. Ultrathin sections of the cerebral cortex were counterstained with uranyl acetate and lead citrate for further observation with a Zeiss EM 809T at 80 kV. For immunolabeling in electron microscopy, mice were transcardially perfused with a solution of 4% (w/v) paraformaldehyde and 0.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer at pH 7.4. Tissue blocks of the cerebral cortex were cut in 50 µm thick sections using a Vibratome and immunolabeling performed with the ABC method as reported [39] , using the rabbit B19 anti-tau antibody as primary antibody, an anti-rabbit antibody conjugated to biotin (Vector) and the ABC complex (Vector). The peroxidase activity was revealed using DAB as chromogen. The labeled tissue sections were post-fixed in 2% (w/v) OsO 4 and processed as described above.
Analysis of tau spreading and association with amyloid deposits
To quantify the extent of tau pathology, the size and area covered by tau-positive structures after immunolabeling with the B19 anti-tau antibody were first measured for each mouse in a rectangular area covering the whole thickness of the cortex at the level of the injection site, by thresholding analysis on digital images using the NIH ImageJ software, as reported [57] . The anteroposterior distribution of tau pathology was next analyzed on serial coronal sections immunolabeled with the B19 anti-tau antibody. The length between the maximal anterior and posterior coronal levels where a tau pathology could be detected was defined as the anteroposterior propagation. The mathematical mean of these lengths in each mouse cohort was defined as the mean anteroposterior propagation of tau pathology in these mice. A semi-quantitative evaluation of the distribution and density of tau pathology was also performed on these coronal sections to generate heat maps with a color coding system. The relationship of tau-positive structures with Aβ deposits was assessed after double immunolabeling with the antitau B19 and anti-Aβ 6E10 antibodies, by measuring, in the rectangular area covering the whole thickness of the cortex at the level of the injection site, the area covered by taupositive processes in a surface centered on an Aβ deposit (for at least 25 amyloid plaques in each mouse) and extending from 20 µm at the border of the Aβ deposit. The area covered by Aβ deposits was also measured in the whole thickness of the cortex in the same rectangular area by thresholding analysis using the NIH ImageJ software.
Statistical analysis
Statistical analysis was performed using the Prism program (Graphpad Software). Statistical comparisons were performed using unpaired two-tailed Student t tests, Fisher's tests for contingency analysis and two-way ANOVA as noted in figure legends. Values of P < 0.05 were considered significant.
Results
Characterization of human AD-PHF fractions
Western blotting analysis after denaturing SDS-PAGE of Sarkosyl-insoluble PHF fractions from AD cases showed the characteristic three main PHF tau species (Fig. 1a) ; these fractions were devoid of Aβ immunoreactivity [3] . Negative staining in electron microscopy of PHF fractions revealed numerous PHF (Fig. 1b) with an average length of 180.9 nm ± 8.4 nm (mean ± SEM). The frequency distribution of PHF lengths was relatively similar in the three AD cases used in this study (Suppl. Figure 1 ). AD-PHF from case 2 had the highest yield of Sarkosyl-insoluble PHF and was principally used throughout this study. Tau was not detected in the Sarkosyl-insoluble fraction from the control brains (Fig. 1a ) and after immunodepletion of tau from Sarkosyl-insoluble fraction from AD patients with the BR21 anti-human tau antibody (Suppl. Figure 3c ). After proteinase K digestion, tau proteins were strongly decreased in the Sarkosyl-soluble supernatant from control and AD cases. In contrast, PHF-tau in the Sarkosyl-insoluble fractions from AD cases showed partial resistance to proteinase K digestion up to 5 µg/ml (Fig. 1c) . Proteinase K digestion of AD-PHF generated two major lower tau fragments between 15 and 20 kDa. The estimated yield of PHF protein in PHF fractions (in protein weight) was of 40-65% after solubilization in sample buffer for SDS-PAGE and using recombinant tau for generating a standard curve.
AD-PHF-injected 5xFAD mice exhibit a working memory deficit compared to WT mice
Control fraction or AD-PHF was injected in the cortex of WT and 5xFAD mice at 6 months. Numerous amyloid plaques are present in the cortex of 5xFAD at this age. 3 months after injection, spatial working memory was tested by Y-maze test for spontaneous alternations in WT and 5xFAD mice injected with AD-PHF or control fraction. A significant overall effect of the genotype was observed by two-way ANOVA (P = 0.0056). AD-PHF-injected 5xFAD mice had a significant decreased ratio of spontaneous alternations compared to AD-PHF injected WT mice (P < 0.05), by Bonferroni post-tests (Suppl. Figure 2 ).
AD-PHF induces aggregation of murine tau into Gallyas and tau-positive grains and neuropil threads into both WT and 5xFAD mice
Stereotaxic injection of human AD-PHF induced the appearance of Gallyas-positive grains and neuropil threads (NT) in the cortex of WT and 5xFAD mice 3 months after injection (Fig. 2a, b) , which were positive with the murine tau antibody (Fig. 2d, e) but not with the human tau BR21 antibody (Fig. 2g, h ). After this 3-month incubation period, the injected human material was no longer detected, as previously reported [3] . These tau inclusions were labeled with a panel of antibodies specific for phosphotau (AT8, pSer422, PHF1), conformationally altered tau (AT100, Alz50, MC1), recapitulating the antigenic profile of NFT in AD (Table 1; Fig. 3 ). They were labeled with the anti-4R tau, but not with anti-3R tau antibodies, as only 4R tau isoforms are expressed in adult mouse neurons. Tau inclusions were not labeled with the anti-Aβ Fig. 1 Characterization of Sarkosyl insoluble human PHF from AD patients. a Western blot analysis of Sarkosyl-insoluble human PHF using anti-phosphotau antibody PHF1 and pan tau antibody B19. After SDS-PAGE in denaturing conditions, PHF-tau proteins from the three AD cases (lanes 3, 4, 5) used in this study had a similar migration pattern, with three main species of 64-72 kDa. The Sarkosyl fractions prepared from the two control subjects (lanes 1 and 2) did not contain any tau immunoreactivity. b Transmission electron microscopy (TEM) analysis of AD-PHF by negative staining shows that the Sarkosyl fraction from AD cases contained numerous shortlength PHFs. Scale bar 50 nm. c Western blot analysis (B19 tau antibody) after proteinase K digestion of soluble and Sarkosyl-insoluble fractions from AD patients (after SDS-PAGE). Lanes 1, 2, 3: soluble fraction from AD case 110 was digested with proteinase K at 0, 5 or 10 µg/ml. Soluble tau contained three main PHF-tau species of 64-72 kDa but these tau species were completely digested with proteinase K at 5 µg/ml. Lanes 4-8: Sarkosyl insoluble fraction from AD was digested with proteinase K at 0, 1, 2.5, 5 or 10 µg/ml. The 64-72 kDa insoluble PHF-tau species showed partial resistance to proteolytic digestion. Proteinase K digestion generated two major lower tau fragments between 15 and 20 kDa 1 3
antibodies. These results were similar in mice injected with PHF independently prepared from the three AD cases. Injection of AD-PHF in APP −/− mice also induced tau-positive inclusions (Suppl. Figure 3a) , suggesting that the presence of murine APP or its derivatives is not necessary for tau aggregation in these mice. Injection of Sarkosyl-insoluble material from the control brain did not induce any detectable tau pathology at 9 months (Fig. 2f,  l) . In addition, injection of tau-immunodepleted AD-PHF did not generate these tau inclusions (Suppl. Figure 3d , e). In tau −/− mice, injection of AD-PHF did not induce a tau pathology (Suppl. Figure 3b) . These data thus indicate that human PHF induced aggregation of endogenous 4R murine tau in both WT and 5xFAD mice, also conferring Fig. 2 Injection of human AD-PHF induces seeding and aggregation of murine tau. a-c Gallyas-positive grains (arrowheads) and neuropil threads (arrows) were observed in the cortex of WT (n = 6) (a) and 5xFAD (n = 7) (b) mice, both injected with AD-PHF, but not in control-injected 5xFAD mice (n = 3) (c). d-f Those granular structures were labeled with the murine tau-specific mTau5 antibody in AD-PHF-injected WT (d) and 5xFAD (e) mice. This antibody labeled plaque-associated DN in AD-PHF-injected 5xFAD mice (e) but not in control-injected 5xFAD mice (f). g-l Grains in WT (g, j) and 5xFAD (h, k) mice, both injected with AD-PHF, and plaque-associated DN in AD-PHF-injected 5xFAD mice (h, k) were not labeled with the human tau specific antibody BR21 (g-i) but were labeled with the T22 anti-oligomeric tau antibody (j-l). 
AD-PHF induces accumulation of oligomeric murine tau into plaque-associated dystrophic neurites
Aβ-positive cores in amyloid plaques in 5xFAD mice are surrounded by a corona of large dystrophic neurites strongly labeled by anti-APP antibodies (Suppl. Figure 4a, b) . These large plaque-associated dystrophic neurites (DN) were not labeled by anti-tau antibodies in control-injected or in noninjected 5xFAD mice (Fig. 2f, l) . In contrast, many amyloid plaques showed DN positive for murine tau and oligomeric tau in their corona in the vicinity of the injection site in AD-PHF-injected 5xFAD mice (Fig. 2e, k) . This was reflected by observing that the mean size of AD-PHF-induced taupositive structures was significantly bigger in 5xFAD mice than in WT mice (Fig. 4a) . The tau-positive area covered by these plaque-associated DN was significantly bigger than that of tau-positive inclusions at distance (more than 20 µm) from amyloid deposits (Fig. 4b-d) . The amyloid plaque burden in the cortex measured by image analysis was similar in 5xFAD mice injected with control material or with AD-PHF (Fig. 4e) , and the levels of soluble and insoluble Aβ (Fig. 4f-h) were not significantly altered. Double immunolabeling with B19 anti-tau and anti-APP antibodies showed occasional co-localization of tau and APP immunoreactivities in these globular processes around amyloid deposits (Suppl. Figure 4c-e) . Triple staining for Aβ, tau and neurofilaments suggested their possible localization in the axonal prolongation in injected WT and 5xFAD mouse brains (Fig. 5a, d ). Tau-positive processes were found in spherical or oval form or in the forms of NT around amyloid plaques (Suppl. video 1). 3D imaging confirmed that tau-positive processes adjacent to the plaques were much larger (Fig. 5b,  e) . Thus, human PHF induced accumulation of phosphorylated, conformationally abnormal and oligomeric mouse tau in dilated neuronal processes in the neuritic corona of amyloid plaques in 5xFAD mice and this was never seen in control-injected or in non-injected 5xFAD mice (Fig. 5c ).
Insoluble tau and p25 levels are higher in AD-PHF-injected 5xFAD mice than in AD-PHF-injected WT mice
The level of soluble tau (Fig. 6a) was similar in 5xFAD mice injected with AD-PHF or with control fraction. The levels of AT8 and pS422 phosphotau were, however, significantly increased in the insoluble fraction of AD-PHF injected 5xFAD mice compared to control-injected 5xFAD mice (Fig. 6b, e, f) . Despite the presence of tau inclusions in AD-PHF injected WT mice, the levels of insoluble phosphotau were not significantly increased in these mice. This may be related to a detection threshold unsensitive to a low abundance of local tau pathology in AD-PHF injected WT mouse cortex. Such a local tau pathology detected in a restricted cortical region may be less easily detectable when starting from homogenates of whole brain hemispheres for western blotting analysis. The p25 level and the p25/p35 ratio were significantly higher in AD-PHF-injected 5xFAD mice compared to AD-PHF-injected WT mice and to control-injected 5xFAD mice (Fig. 6c) . The levels of CDK5 (Fig. 6d) and of several other protein kinases (GSK-3β, pGSK-3, ERK1/2, pERK, Fyn) (Suppl. Figure 5) , and of proteosomal and autophagic markers (p62, β-catenin, LC3B) (Suppl. Figure 5) , were not significantly altered.
The propagation of tau-positive aggregates is wider in AD-PHF-injected 5xFAD mice than in AD-PHF-injected WT mice
The anteroposterior propagation of tau inclusions in the ipsilateral cortex was estimated by the analysis of serial Table 1 Immunoreactivity of tau inclusions and plaque-associated dystrophic neurites Tau inclusions and DN were positive for pan tau B19 and murine tau antibodies as well as 4R tau, but not for human tau or 3R tau, in both WT (n = 6) and 5xFAD (n = 7) mice, injected with AD-PHF. The inclusions and DN were positively labeled with a panel of phosphotau antibodies and conformation dependent tau antibodies. On the contrary, DN were not positive for Gallyas staining but they were positive for T22 labeling oligomeric tau. Both inclusions and DN were also positive for ubiquitin and p62, although p62 staining in DN coronal sections ( Fig. 7a-h ). The maximal distance between anterior and posterior coronal levels where tau inclusions could be detected was significantly higher in 5xFAD mice (1770 µm ± 189 µm, mean ± SEM) than in WT mice (1158 µm ± 141.7 µm, mean ± SEM) (Fig. 7i) . The anterior propagation from the injection site was higher in almost all the mice compared to posterior propagation behind the injection point (Fig. 7j , drawings in the first horizontal lane). Numerous tau grains and NT were also observed in the corpus callosum, both in WT and in 5xFAD mice (Fig. 7k, l) . However, these tau inclusions barely ever crossed the midline in WT mice but crossed significantly more often the midline in 5xFAD mice (Fig. 7m) . This contralateral propagation induced appearance of tau inclusions in the contralateral cortex in AD-PHF-injected 5xFAD mice, in mirror-image locations (Fig. 7j , third horizontal lane) and not in AD-PHF-injected WT mice (Fig. 7j, second horizontal lane) . Propagation of tau pathology outside of these cortical areas was not noticeable.
Tau-positive inclusions are composed of bundles of straight filaments
The ultrastructural features of tau pathology induced in 5xFAD mice by injection of human AD-PHF were also assessed on ultrathin sections with or without tau immunolabeling. In unlabeled ultrathin sections, granular inclusions were identified in the neuropil of AD-PHF-injected 5xFAD mice, and not in control-injected 5xFAD mice, as small ovoid processes limited by a plasma membrane and containing bundles of mostly straight, tightly packed filaments ( Fig. 8a-c) , with very occasional constrictions. These filaments had an apparent diameter of 20.5 nm ± 0.5 nm (mean ± SEM, n = 38). Adjacent microtubules had an apparent diameter of 25.1 nm ± 0.6 nm (mean ± SEM, n = 23) and adjacent neurofilaments an apparent diameter of 10.2 nm ± 1.1 nm (Fig. 8a) . In tau-immunolabeled ultrathin sections, these filaments showed a strong tau immunoreactivity (Fig. 8d) . The DN around amyloid deposits contained accumulations of autophagic vacuoles and lysosomal bodies both in non-injected and AD-PHF-injected 5xFAD mice (Suppl. Figure 6a, b) . As in light microscopy, these dystrophic neurites showed tau immunoreactivity after immunolabeling of vibratome sections with the B19 antitau antibody (Suppl. Figure 6c ). This tau immunoreactivity was diffuse or associated with autophagic vacuoles and lysosomal bodies and to very occasional filaments (Suppl. Figure 6d ).
Discussion
In this study, we report that the brain propagation of tau pathology induced by injection of AD-PHF is accelerated in the presence of Aβ pathology, in the absence of nonphysiological overexpression of FTDP-17 mutant tau, the latter paradigm having been used in most previous models [4, 5, 23, 27, 28, 36, 47, 48, 50, 51, 55] . Induction of tau aggregates in WT mice was previously observed after injection of AD brain homogenates [9, 49] , and after injection of highly aggregated human wild-type tau in the form of PHF extracted from AD brain [3, 24] . We observed that AD-PHF initiates seeding of endogenous wild-type murine tau, not only in WT mice but also in 5xFAD and in APP −/− mice. Tau immunodepletion of AD-PHF fractions prevented the development and propagation of tau aggregates, indicating that human PHF was necessary to induce murine tau seeding. Also, injection of AD-PHF did not induce tau aggregates 5-8) or AD-PHF (n = 7) (f, lanes 9-12) (R right non-injected side, L left injected side). Actin was used as a control of charge. *p < 0.05; **p < 0.01. Unpaired two-tailed t test. Scale bar 25 µm in tau −/− mice indicating that murine tau was necessary to initiate the formation and the propagation of these aggregates. We show for the first time by ultrastructural analysis that endogenous wild-type tau aggregates induced by in vivo seeding with exogenous human PHF are made of filaments. Tau filaments in human tauopathies show various morphologies [13] . Human AD filaments, made of 3R and 4R tau isoforms, consist mostly of PHF with a width alternating between 8 to 20 nm with a longitudinal cross-over spacing of 80 nm [12, 32, 54] and more rarely of straight 15 nm wide straight filaments [12] ; both are considered to be ultrastructural polymorphs [20] . In several human tauopathies characterized by the presence of tau aggregates made of 4R tau isoforms, such as in progressive supranuclear palsy, neurofibrillary tangles are also composed of 15 nm straight filaments [16] . In vitro, human AD-tau filaments seed aggregation of 4R recombinant tau into filaments made only of 4R tau [24] and 4R tau isoforms assemble into straight filaments [22] . Since only 4R tau isoforms are expressed in the adult murine brain [30] , seeding by human AD-PHF would conceivably lead to their assembly mostly in straight filaments.
Interestingly, human PHF extracted from AD cases and showing seeding ability had an average length (180 nm) quite similar to the average length of tau fibrils (179 nm) with the highest seeding competency extracted from the brain of P301S tau mice [29] , confirming that large tau assemblies in the form of short tau fibrils are potent at seeding tau aggregation, including heterotopic seeding of mouse tau. These AD-PHF showed partial resistance to proteinase K digestion generating smaller tau fragments with molecular weights between 15 and 20 kDa as reported in other studies [41, 53] , confirming that the seeding ability of AD-PHF is associated with a conformation of these tau assemblies conferring this protease resistance [31] .
Our observation of increased propagation of tau pathology in the presence of Aβ pathology is made in a model not overexpressing mutant tau protein and where non-mutant tau is expressed at a physiological level and is exposed to Aβ, mimicking more faithfully sporadic late-onset AD. We observed both an ipsilateral and a contralateral enhancement of tau propagation in the cortex in AD-PHF-injected 5xFAD mice compared to AD-PHFinjected WT mice. Ipsilateral anteroposterior propagation of murine tau aggregates in the cortex suggests the involvement of long-distance associative intrahemispheric projection neurons [15] . Contralateral propagation across the midline suggests involvement of commissural projection neurons, mostly callosal projection neurons sending axons through the corpus callosum to mirror-image locations of the contralateral hemisphere. In addition, local connections by cortical interneurons might be involved.
This enhanced tau propagation in 5xFAD mice might reflect the reported ability of aggregation-prone proteins to induce heterotopic cross-seeding. E.g., α-synuclein pre-formed filaments increased tau aggregation in vitro, in primary neurons and in mutant transgenic mice [21] . A direct binding between Aβ peptides and tau that might accelerate self-aggregation of both has been reported in vitro [25] and in silico models [38] . Aβ42 or α-synuclein oligomers can indeed seed recombinant tau to generate tau oligomers [33] . In vitro fibrillization of recombinant mutant tau by pre-aggregated Aβ and increased tau spreading after injection of this Aβ-seeded tau in mutant tau mice has been demonstrated [58] , suggesting that Aβ can accelerate the generation of tau fibrils with seeding property. Aβ accumulates intracellularly in neurons in 5xFAD mice in an aggregated state [44] where it could directly interact with human tau seeds and favor heterotopic seeding of mouse tau. Increased levels of p25 and of the p25/p35 ratio, p25 being converted from p35 via proteolysis by calpain and being a constitutive activator of CDK5, were observed in AD-PHF-injected 5xFAD mice and this might also be a mechanism driving enhanced tau pathology. CDK5 activation by p25 was reported to favor tau phosphorylation and aggregation [14, 43] and p25 accumulates in AD brain [46] and in APP mice [45] . Further studies will, however, be necessary to establish the relationship between these changes 12) . b The level of phosphotau (AT8, pS422) was markedly increased in the RIPA insoluble fraction of AD-PHF-injected 5xFAD mice (lanes 9-12) compared to AD-PHFinjected WT mice (lanes 3 and 4) or control-injected 5xFAD mice (lanes 5-8). Actin was used as a control of charge. c The p25/p35 ratio was increased in 5xFAD mice injected with AD-PHF, compared to injection with control fraction and was also significantly higher in AD-PHF-injected 5xFAD compared to AD-PHF-injected WT. d The levels of CDK5 were not significantly different between WT and 5xFAD mice. e, f Insoluble phosphotau levels analyzed using AT8 and pSer422 antibodies were significantly higher in AD-PHF injected 5xFAD mice than in control injected 5xFAD mice. *p < 0.05; **p < 0.01. Two-way ANOVA 1 3 in p25 levels and tau aggregation in AD-PHF-injected 5xFAD mice.
A remarkable effect of injection of human AD-PHF in 5xFAD mice was the appearance of enlarged phosphotau positive, plaque-associated dystrophic neurites (DN) in many neuritic plaques near and at distance from the injection site. In non-injected or control-injected 5xFAD mouse brains, large plaque-associated DN were present but were rarely detected with tau antibodies at 9 months. The tau immunoreactivity induced by AD-PHF in these DN was diffusely distributed between autophagosomes/ lysosomal bodies or associated with their content; these DN were not labeled by human tau-specific antibodies, indicating that the appearance of tau-positive plaqueassociated DN did not result from internalized human PHF. These plaque-associated DN were positive with the anti-oligomeric tau T22 antibody suggesting that AD-PHF induced the formation of murine tau oligomers in DN.
While finalizing this article, enhancement of tau pathology in amyloid models by injection of AD-tau was reported [26] . Our present data are in general agreement with these data, providing some more detailed morphological information on the ultrastructure of AD-PHF-induced tau pathology. In the latter study, hippocampal injection of AD-PHF in 5xFAD mice induced the development of tau aggregates in DN surrounding amyloid deposits, NFTs and NT, but with a temporal sequence: aggregated tau in DN surrounding amyloid deposits was seen as the first lesion with no or minimal NFTs and NT at 3 months post-injection. In the present study, tau-positive plaque-associated DN, grains and NT were observed together at 3 months post-injection. In addition, abundant large tau-positive plaque-associated DN (not punctuate small tau-positive neurites) were not seen in non-injected 5xFAD mice in our study. Some differences between both studies might be related to the distinct experimental designs, such as PHF preparation protocols, age at injection, post-incubation length, and the injection site (hippocampus versus cortex). The increased tau pathology observed in injected 5xFAD mice cannot unequivocally be attributed only to the production of Aβ, since these mice also overexpress FAD mutant APP and PS1 proteins. APP or its physiological proteolytic products might play a role in the observed increased tau pathology. Overexpression of mutant APP [37] or PS1 [6] increases tau phosphorylation that might favor murine tau seeding in presence of injected human tau seeds. APP (or its fragments) by itself is, however, not necessary for murine tau seeding by human tau seeds since we still observed pathological tau spreading in APP −/− mice. This enhancement of tau propagation induced by Aβ might be an essential mechanism driving expansion of tau lesions during the progression of AD. Tau lesions, with or without minimal Aβ deposition, are initially limited to entorhinal cortex and hippocampus either as a "Primary Age-related tauopathy" (PART) [11] or as an early AD stage [17] , but severe enhancement and spreading of tau lesions occurs at later stages when most often tau and Aβ lesions co-exist. Our experimental data support the idea that spreading of pre-existing tau pathology in limited brain areas in AD is enhanced by Aβ pathology Fig. 7 Increased propagation of induced tau aggregates in 5xFAD mice compared to WT mice. Immunohistochemical labeling with the B19 anti-tau antibody on coronal sections at similar anterior (a, e) and posterior (b, f) levels (according to Bregma level from Paxinos atlas) after injection of AD-PHF in WT and 5xFAD mice. a-d B19 tau immunolabeling in AD-PHF-injected WT mouse brain. Tau pathology was absent in the cortex of this WT mouse at these anterior (a) and posterior (b) levels (shown at higher magnification in c and d). e-h B19 tau immunolabeling in AD-PHF-injected 5xFAD mouse brain. A tau pathology was present at anterior (e) and posterior (f) levels in this 5xFAD mouse (shown at higher magnification in g and h, as plaque-associated tau-positive DN). Scale bars: 250 µm for a, b,  e, f and 20 µm for c, d, g, h. i The mean anteroposterior propagation of tau pathology was significantly higher in 5xFAD mice compared to WT mice. **p < 0.01, unpaired two-tailed t test. j Propagation of tau pathology at five different anatomical levels, corresponding to five different bregma levels (0.14, − 0.94, − 1.46, − 1.94 and − 2.46 mm) (drawings in the first horizontal lane). Heat maps representation of the distribution and density of tau pathology in representative WT (second horizontal lane) and 5xFAD (third horizontal lane) mice injected with AD-PHF in the somatosensory cortex (asterisks). Tau pathology was graded using B19 total tau antibody at these 5 different anatomical levels. Tau pathology propagation in 5xFAD mice was greater, being present in the corpus callosum and expanding into the contralateral non-injected site. k, l Tau-positive grains were present in axons in the corpus callosum after injection of AD-PHF into the overlying cortex and were crossing the midline in a 5xFAD mouse (l) but not in a WT mouse (k). Insets show the localization of panels k and l at lower magnification. Hematoxylin counterstaining. Scale bars 50 µm. m Chi square analysis of the percentage of AD-PHF-injected WT and 5xFAD mice showing (white) or not (black) a tau pathology crossing the midline in the corpus callosum. AD-PHF-injected 5xFAD mice showed a significant increased contralateral propagation (*p = 0.015 by Fisher's exact test) ◂ through enhanced prion-like mechanisms of pathological tau seeding. 
